M ore than 50 million people worldwide have epilepsy. Approximately 25%-35% of these individuals do not respond to antiepileptic medication or dietary interventions and should be evaluated for possible epilepsy surgery. Imaging is an integral part of the comprehensive preoperative evaluation for epilepsy, supporting identification of a specific part of the brain as the epileptic focus (for example, structural or metabolic abnormality). Imaging-guided surgery systems are now widely used in surgical practice, especially in neurosurgery.
M ore than 50 million people worldwide have epilepsy. Approximately 25%-35% of these individuals do not respond to antiepileptic medication or dietary interventions and should be evaluated for possible epilepsy surgery. Imaging is an integral part of the comprehensive preoperative evaluation for epilepsy, supporting identification of a specific part of the brain as the epileptic focus (for example, structural or metabolic abnormality). Imaging-guided surgery systems are now widely used in surgical practice, especially in neurosurgery. 4 ,15 Navigation systems do not automatically link pre-and postoperative imaging data, nor do they allow for localizing resected tissue with respect to the imaging data. Particularly in epilepsy surgery, and when tissue is being used for both diagnostic and research purposes, it is important to be able to relate preoperative and postoperative imaging data with intraoperative tissue localization. Integrating the intraoperative data from the IGS with imaging could not only improve surgical accuracy and thus patient outcomes and safety, but can advance research as well.
Neuroimaging techniques used in the preoperative epilepsy evaluation include structural MRI and fMRI, metabolic evaluations based on PET imaging, and the assessment of blood flow in the brain during ictal and/or interictal activity by using SPECT scanning. Scalp electrodes used in EEG recordings provide general localiza-tion for seizure activity and can be further enhanced by combining with imaging for electrical source imaging. Also, magnetoencephalography is combined with imaging in magnetic source imaging. Often, if the results are concordant, these studies may identify a specific region suitable for resection. However, some patients may require stereo-EEG or intracranial EEG to tailor a resection and minimize morbidity. If an intracranial EEG study is undertaken based on these findings, CT structural imaging may be used to identify the intracranial electrode locations.
As an essential part of any neurosurgical planning and navigation system, image registration facilitates combining images with complementary structural and functional information to improve the information on which a surgeon makes critical decisions. Image registration is the process of transforming images acquired at different time points, from different imaging systems, or with different imaging modalities into the same coordinate system. This procedure is an integral part of neurosurgery for brain tumors, movement disorders, and epilepsy.
Intraoperative tools used during intracranial EEG studies and resections are available to assist the neurosurgeon in electrode localization or tissue identification. Image-guided surgery systems can coregister preoperative imaging data from structural MRI to fMRI, PET, and SPECT studies that are overlaid onto anatomical MRI scans, allowing the neurosurgeon to identify relevant tissues during procedures. In addition, most IGS systems allow the neurosurgeon to perform virtual labeling of anatomical regions or electrodes by using landmarks in a coordinate system that is specific to the IGS system.
We have developed a technique in a pediatric population in which we used intraoperative surgical landmarks to assist in identifying intracranial EEG electrode placement and in localizing the tissue removed during resective epilepsy surgery. Data from intracranial EEG studies and resective epilepsy surgeries (landmarks generated by the IGS system) are coregistered with pre-and postoperative structural, functional, and metabolic neuroimaging as well as postoperative CT data (used to build a model of implanted electrodes) by using BioImage Suite. 16 These landmarks are used to verify image coregistration; during resective epilepsy surgery, additional landmarks are useful to track the origin of tissue samples that can be analyzed for gene and protein expression as well as pathological characteristics. The tissue landmarks are then transformed into standard MRI space (for example, MNI or Talairach) to identify the standard structural regions (for example, BAs) of the tissue specimens resected during epilepsy surgeries. This report describes using multimodal image coregistration coupled with IGS landmarks and resection to verify the anatomy of resected tissue in 21 patients.
Methods

Patient Population
Patients included in the study presented with seizures that became medically intractable. Each patient underwent resective epilepsy surgery during which at least 1 tissue sample was tracked with an IGS landmark. Imaging for patients included at least 2 of the following scans: structural MRI, anesthetized or awake fMRI (passive sensory motor task, resting state), PET, and/or SPECT. For each patient, relevant studies were downloaded onto a Medtronic (StealthStation TREON) IGS system for coregistration with the patient's presurgical MRI that included fiducial markers.
Neuroimaging Examinations
All MRI examinations were completed on a Siemens 3T (MAGNETOM Trio) unit equipped with a 32-channel head coil. Retrospective institutional review board approval was obtained by Seattle Children's Hospital for inclusion of all participants in this report.
Structural MRI. The standard clinical epilepsy imaging protocol included a high-resolution sagittal T1-weighted magnetization-prepared rapid gradient echo, axial T2-weighted, axial FLAIR, and coronal T2-weighted scans. In addition, diffusion tensor sequences were collected with the following parameters: TE 86 msec, b 1000 sec/mm 2 , 30 directions repeated 2-4 times, 2 × 2 mm in-plane resolution, 2.2-mm slice thickness, 55-60 slices.
Functional MRI. The fMRI data were collected at Seattle Children's Hospital according to clinical protocols for language and motor mapping. 17 The fMRI was performed using an echo planar imaging blood oxygen level-dependent sequence (Siemens clinical sequence, ep2d PACE [Prospective Acquisition Correction]), with the following parameters: 45 slices, slice thickness 3 mm, TE 30 msec, TR 2400-3000 msec, flip angle 90°, FOV 192 × 192 mm, matrix 64 × 64. Eighty volumes were obtained per run, resulting in a total time of approximately 4 minutes per scan. For the patients in Cases 1 and 3, the study was designed in an ABABABAB algorithm in which the 2 tasks, A and B, were performed for 10 volumes each. Each patient was instructed to tap his or her fingers. In children too young to cooperate, somatosensory cortex was activated by passive movement with the patient under sedation. The verb generation task alternated between fixation point control and the specific language task that consisted of silent verb generation based on pictures or words. Postprocessing analysis was performed using the commercially available Siemen's software and FSL software.
Functional Connectivity MRI. The fcMRI was performed with the following protocol: echo planar imaging blood oxygen level-dependent sequence: TE 30 msec, flip angle 90°. The fcMRI scans were performed in both awake and anesthetized patients and were incorporated into either the clinical anatomical MRI or the tasked-based fMRI studies that were part of the patients' routine preoperative evaluation. Conscious patients were instructed to rest and remain relaxed with their eyes open, and sedated patients had the minimal required sedation (typically propofol) for movement control. Postprocessing of fcMRI data was performed using software developed by the Func-tional Connectomes Project (http://www.nitrc.org/projects/ fcon_1000/). Seed regions were defined based on previously published foci.
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Networks were identified post hoc by a seed-based analysis to identify sensorimotor, visual, auditory, and default mode networks by using MNI-based regions of interest. 2 Head CT Scans. In each patient who underwent intracranial EEG, head CT studies were obtained on a 64-slice multidetector CT unit (GE Lightspeed VCT, GE Healthcare). The imaging parameters used were 120 kV and 300-335 mA. Slice thickness was either 0.625 or 1.25 mm, at a pixel size of 0.43 × 0.43 mm.
Fasting PET/CT Scans. Fasting PET scans were ac quired using FDG on a GE Discovery STE scanner. Patients in whom PET scans were obtained underwent similar preparation (6-hour period with nothing by mouth except water; warm and quiescent uptake environment), scans were acquired 1 hour after injection of 18 F-FDG, and images were obtained during quiet breathing (nonbreath-holding) for the PET and CT acquisition. 1 To ensure that the PET was a truly interictal study, continuous EEG was performed during the entire procedure, both during the injection of the FDG and during image acquisition.
Image Coregistration
All patient space coregistrations used a high-resolution preoperative T1-weighted image as the base image to which all other scans were registered by using functions available in BioImage Suite. 16 Skull stripping was accomplished using the brain extraction tool in FSL. 18 Preoperative PET data, MRI FLAIR studies (when applicable), and postoperative CT scans obtained following grid implantation were coregistered to the preoperative T1-weighted image by using rigid linear registration based on normalized mutual information. In intracranial EEG studies, the postoperative CT data were used to build a model of the implanted electrodes with the BioImage Suite Electrode Editor program. Relevant task-based fMRI data in standard space were coregistered to the preoperative T1-weighted base image by using a nonlinear registration. Overlays of the fMRI and PET results on the preoperative T1-weighted image were used to assess electrode location following implantation surgery. The preoperative T1-weighted image was coregistered to the 1-mm MNI standard space by using a nonlinear registration for identification of the resected tissue. When available, postoperative MRI data (high-resolution T1-weighted or FLAIR images) were linearly coregistered to the preoperative T1-weighted image to assess resection margins relative to EEG data.
Intracranial Studies
In those patients who were evaluated using intracranial EEG, monitoring continued for at least 3 days. Electrodes were either grids ( 20 Intracranial electrodes were placed based on information gathered during scalp ictal video-EEG and on neuroimaging data. During electrode implantation, tissue landmarks (surgical plans consisting of target and entry points) were collected and stored on the IGS system. The tissue landmarks were downloaded from the IGS system, and a landmark file was built in BioImage Suite. The landmarks were transformed from the IGS space to the patient space MRI (preoperative structural T1-weighted image) by using BioImage Suite.
Resective Epilepsy Surgery/Brodmann Area Identification
Tissue samples were collected in the patients undergoing resective epilepsy surgery. Landmark coordinates from intraoperative tissue localization were downloaded from the IGS system and transformed into patient space by using BioImage Suite. After tissue landmarks and patient space were transformed into MNI standard space, the Brodmann areas atlas tool in BioImage Suite was used to identify the areas that were labeled intraoperatively with the IGS system.
Results
The 21 patients included in the study ranged in age from 1 to 18 years (12 female and 9 male patients), and presented with seizures that evolved into drug-resistant epilepsy based on International League Against Epilepsy criteria. 10 Imaging for all patients included structural MRI, anesthetized or awake fMRI (passive sensory motor task, resting state), and some patients also had PET (n = 15) and/or SPECT (n = 1) scans. Eight patients were evaluated by intracranial EEG monitoring prior to resective epilepsy surgery, and in 14 patients postoperative structural MRI scans were obtained. All surgeries occurred within a 2-year period at Seattle Children's Hospital. Four patients had abnormal brains that precluded them from BA identification due to inability to be meaningfully registered to the MNI brain image. Table 1 summarizes patients' imaging modality, intracranial EEG status, type of resective surgery, and identified BAs.
The ability to coregister the PET and T1-weighted MRI, or the fMRI task results with the T1-weighted MRI, was helpful in planning the resective epilepsy surgery and intracranial EEG study (if used). An example of PET-MRI T1-weighted image coregistration is presented in Fig. 1 , showing PET-MRI overlay images and an example of the resected posterior parietal tissue landmark for the patient in Case 21. This patient also underwent an intracranial EEG study, with electrodes shown in Fig. 1B and C. Figure 2 displays the intracranial EEG electrodes and fMRI results on 3D renderings of the patient in Case 10. In Fig. 2 left, the intracranial EEG electrodes are overlaid with fMRI results for a right finger tap task, which is useful in planning resections. Tissue in BA 8 was removed from the superior frontal gyrus, as indicated by the landmark on the postoperative MRI (Fig. 2 right) . The pre-and postoperative T1-weighted MRIs for the patient in Case 9, displayed in Fig. 3 , show a temporal lobe lesion in the preoperative image. The tissue resected from the hippocampus, also identified in MNI space as BA hippocampus, is highlighted and marked by crosshairs in both the pre-(left) and postoperative (right) images.
Discussion
These cases demonstrate the techniques used to identify and track tissue that is resected in patients with epilepsy for pathological analysis, and assessment of gene and protein expression. 8 Data from EEG and neuroimaging studies are combined to plan the intracranial electrode placement and tissue resection. Tracking of electrode placement and subsequent localization of tissue resection allows for correlation of intracranial EEG data, verification of the anatomy of the resected tissue, and pathological investigation of the tissue samples.
Using neuroimaging data to localize specific brain structures has been pursued via several methods. Whereas some studies in ex vivo tissue used techniques such as needle landmarks to localize excised tissue, 12 other methods include laser range scanner registration 3 and microscope tracking via stereopsis for 3D cortical surface estimation. 19 In addition, mathematical techniques such as linear elastic modeling 5, 21 or quantitative MRI 7 have been used to assess tissue location with respect to imaging data. None of these studies, however, has developed methods specifically to identify tissue based on BAs in conjunction with neuroimaging data.
Electrodes localized through postoperative CT and IGS system landmarks allowed verification of electrode locations and thus provided a more accurate coregistration of tissue samples in those patients who underwent intracranial EEG studies. An earlier study tracked electrode locations by using postoperative MRI and CT data in conjunction with intraoperative stereotactic navigational probe coordinates to estimate the shift in electrode location. 11 Although we could make estimates of electrode shifts, our main goal was to use tissue tracking in conjunction with the outcome data, allowing the epilepsy care team to evaluate the outcomes of the resection with specific knowledge of the neuroimaging localization and composition of the resected tissue. For example, in Fig.  1A tissue was resected from the right parietooccipital region in the patient in Case 21 and corresponded to MRI abnormalities identified with the help of PET. The BA for this tissue was identified as BA 39, angular gyrus, and is useful in predicting patient outcomes. One of the main limitations of this tissue localization technique is the brain deformation that occurs intraoperatively as well as postoperatively. The difference in these locations was dependent on the size of the craniotomy, location of the landmark with respect to the craniotomy, position of the patient, and the extent and type of tissue resected, and is impacted by previous resective epilepsy surgeries. Several studies have attempted to estimate brain deformation and surgical changes that occur as a result of craniotomy for intracranial EEG and resective surgery. One such study used an algorithm incorporating tissue constraints, skull rigidity, and the fluidity of the CSF in a 2D representation of the surgical site. 6 Another method incorporated neuroimaging and game theory to account for brain surface changes. 4 In some cases, intraoperative MRI allowed multiple intraoperative image acquisitions to evaluate brain shift.
14 In addition, intraoperative MRI has been used to gather single-slice structural T1-weighted images to guide and localize the operation during conventional brain biopsy procedures. 13 There are other limitations to this technique as well, including the quality and resolution of the imaging used in surgical planning and postoperative imaging. Although MRI data can be of sufficient resolution, PET data are generally of lower quality. During tissue resection, the IGS landmark is a point in space that is not indicative of the amount of tissue removed, and because that tis- Fig. 1 . Case 21. The landmark indicating the tissue that was resected from the posterior parietal region (BA 39) is displayed on preoperative images. The PET scan was thresholded to indicate metabolic activity in gray matter (high activity in yellow; low activity in red; hypometabolism is indicated by lack of a color overlay on gray matter). A: A PET scan coregistered to a T1-weighted MRI. The landmark for a posterior parietal tissue resection is indicated by the crosshairs on the 3-slice view and is displayed in white on the 3D view (trimmed to the depth of the landmark). B: A 3D rendering of a PET scan coregistered to a T1-weighted MRI, also showing intracranial EEG electrodes. C: A T1-weighted MRI showing tissue resected in BA 39. The landmark for BA 39 is indicated by crosshairs in the 3-slice view, and the intracranial EEG electrodes are overlaid on the 3D view, which is trimmed to show the landmark (displayed in white) indicating the posterior parietal tissue sample.
sue is handled postresection, its orientation may not be adequately tracked. Also a challenge, as seen in the cases reported here, are previous resections or an unusual brain structure in which not only is brain deformation enhanced, but the abnormal anatomy of the brain may make tissue identification difficult when standard atlases are used.
Despite the limitations of this method, it is advantageous to have the ability to localize resected tissue. Some of the issues mentioned above are limited in an intact brain, and the tissue localization technique can be useful in identifying tissue anatomy, relating the resected tissue to the electrophysiological and imaging data, and tracking the resulting pathological and molecular analysis associated with each tissue sample. In addition, identification of the BAs in which tissue specimens were obtained can enhance the understanding of tissue composition.
Conclusions
This technique allows localization, anatomical identification, and subsequent tracking of tissue that is resected in patients with epilepsy. The identification of the BAs associated with each resected piece of tissue can typically be accomplished, with an accuracy that is directly influenced by the amount of tissue deformation that occurs following surgery. Methods to compensate for the degree of deformation are available depending on the degree of accuracy required. 4 Further processing of resected brain tissue for pathological characteristics and gene or protein expression can be correlated with clinical characteristics, clinical neurophysiology data, and functional neuroimaging 17 studies on the same patient in an effort to improve patient outcomes.
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